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Topics	  
(don’t	  worry,	  this	  is	  not	  an	  outline)	  

² 	  Wild	  neutrinos	  
	  solar 	   	   	   	  cosmological 	   	  	  
	  supernova 	   	  terrestrial	  
	  atmospheric 	  astrophysical	  

² 	  Exotica	  
	   	  proton	  decay 	   	  neutron-‐antineutron	  oscillation	  
	   	  dark	  matter	   	   	  magnetic	  monopoles	  
	   	  Q-‐balls 	   	   	   	  etc.	  

Disclaimer:	  Mostly	  I	  will	  use	  Super-‐Kamiokande	  here	  in	  examples,	  but	  these	  types	  
of	  analyses	  can	  be	  done	  in	  other	  large	  (underground)	  detectors	  as	  well.	  
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Remember	  this	  from	  previous	  talks?	  
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Rev. Mod. Phys. 84, 1307	




http://arxiv.org/abs/1207.4952	


Another	  way	  to	  look	  at	  things	  
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http://arxiv.org/abs/1207.4952	


Another	  way	  to	  look	  at	  things	  
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But	  also,	  proton	  decay!	  



First	  things	  first:	  go	  find	  a	  cave	  
(maybe	  a	  slightly	  bigger	  one)	  
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Primary	  cosmic	  ray	  
(p,	  He,	  …)	   Because	  

cosmic	  
rays	  

Muons	  can	  be	  useful,	  but	  also	  
annoying	  if	  too	  abundant.	  
Solution:	  go	  underground!	  

Neutrinos	  are	  what	  we	  
want	  to	  study.	  
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Muon	  rate	  underground	  

Neutrino-‐induced	  muons	  
(from	  atmospheric	  

neutrinos)	  

(kilo)meters	  water	  equivalent:	  
Divide	  by	  average	  rock	  density	  
(~2.7	  g/cm3)	  to	  get	  ~actual	  depth	  
	  
Number	  of	  muons	  decreases	  	  
as	  you	  go	  deeper	  underground	  
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Muon	  rate	  underground	  

Number	  of	  muons	  decreases	  as	  you	  
go	  deeper	  underground	  
	  
(kilo)meters	  water	  equivalent:	  
Divide	  by	  rock	  density	  (~2.7	  g/cm3)	  
to	  get	  actual	  depth	  
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Mariana	  trench	   A	  lab	  under	  ~3.7	  km	  of	  rock	  would	  be	  
shielded	  from	  cosmic	  rays	  equivalent	  
to	  being	  10	  km	  below	  the	  surface	  of	  a	  
body	  of	  water,	  like	  the	  snailfish…	  

(almost…	  the	  snailfish	  is	  a	  pansy;	  
it	  only	  lives	  at	  a	  depth	  of	  8.2	  km,	  
whereas	  this	  amphipod	  lives	  at	  
10	  km	  without	  being	  crushed!)	  

http://www.bbc.com/news/science-‐environment-‐17060360	  
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Where	  can	  we	  go?	  
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² a	  

Super-Kamiokande 

Kamioka	  zinc	  mine	  
2700	  m.w.e.	  (1000	  m	  rock	  overburden)	  
50,000	  tons	  of	  pure	  water	  
~11,000	  50-‐cm	  PMTs	  

That	  is	  not	  me	  
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² a	  

Super-Kamiokande 

Kamioka	  zinc	  mine	  
2700	  m.w.e.	  (1000	  m	  rock	  overburden)	  
50,000	  tons	  of	  pure	  water	  
~11,000	  50-‐cm	  PMTs	  

That	  is	  not	  me	  

July	  9,	  2015	   Jen	  Raaf	  -‐	  Summer	  Undergraduate	  Seminar	  Series	   13	  

About	  the	  same	  height	  as	  
from	  ground	  to	  ~8th	  floor	  of	  
Wilson	  Hall	  	  



That	  is	  me	  

This	  is	  the	  outer	  detector	  
(veto	  region)	  of	  Super-‐K,	  	  
for	  identifying	  cosmic	  rays	   Outer	  detector	  (OD)	  

Inner	  detector	  (ID)	  

Cosmic	  ray	  muons	  deposit	  energy	  
in	  the	  outer	  detector	  when	  
entering	  (and	  often	  also	  exiting).	  
Pretty	  easy	  to	  remove	  them.	  
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That	  is	  me	  

This	  is	  the	  outer	  detector	  
(veto	  region)	  of	  Super-‐K,	  	  
for	  identifying	  cosmic	  rays	   Outer	  detector	  (OD)	  

Inner	  detector	  (ID)	  

Neutrinos	  have	  no	  outer	  detector	  
activity	  at	  the	  entering	  point,	  but	  
products	  of	  their	  interactions	  may	  
make	  light	  in	  the	  OD	  if	  they	  exit.	  

νμ	  

μ	   π	  
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Outer	  detector	  
Inner	  detector	  

νμ	  

μ	   π	  

Partially-‐contained	  Fully-‐contained	  

Neutrino	  Event	  Classification	  in	  Super-‐K	  
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f	  

Upward-‐going	  
muon	  

All	  of	  these	  (and	  more)	  are	  used	  in	  Super-‐K	  analyses	  



“Wild”	  neutrino	  source:	  Atmosphere	  
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Atmospheric	  Neutrinos	  
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Huge	  range	  in	  pathlength	  and	  energy	  

Earth	  

~12,800	  km	  

~20	  km	  

4	  orders	  of	  magnitude	  in	  path	  length	  
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5	  orders	  of	  magnitude	  in	  energy	  
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What	  they	  look	  like	  in	  Super-‐K	  

1	  GeV	  electron	  
“showering	  ring”	  

1	  GeV	  muon	  
“non-‐showering	  ring”	  
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Outer	  detector	  Inner	  detector	  

“Unrolled”	  view:	  like	  cutting	  open	  a	  soup	  can	  and	  laying	  it	  out	  flat	  
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Oscillations!	  

First	  evidence	  of	  atmospheric	  
oscillations:	  only	  ~50%	  of	  the	  
expected	  upward-‐going	  events	  
were	  seen!	  
	  

We	  study	  many	  other	  oscillation	  
effects	  with	  these	  data	  as	  well.	  
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12,800	  km	   20	  km	  



So	  you’ve	  got	  a	  bunch	  of	  protons…	  
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Theory of Everything (TOE)	


Grand Unified Theory (GUT)	


²  What	  else	  can	  you	  do?	  Test	  grand	  unification!	  
–  Electroweak	  force	  successfully	  combines	  EM	  &	  weak	  forces	  
–  Next:	  combine	  electroweak	  and	  strong	  forces	  (so-‐called	  “grand	  

unification”)	  
–  Then	  what?	  Add	  in	  gravity:	  “Theory	  of	  Everything”	  

	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

²  Energy	  scale	  for	  grand	  unification	  is	  ~1011	  times	  higher	  than	  
achievable	  in	  accelerators,	  but	  we	  can	  indirectly	  test	  GUTs	  by	  
looking	  for	  processes	  they	  often	  predict:	  
–  nucleon	  decay	  (protons	  and	  bound	  neutrons)	  
–  magnetic	  monopoles	  
–  neutron-‐antineutron	  oscillations,	  …	  
	  



The	  first	  proton	  decay	  analysis	  
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Maurice	  Goldhaber	  observed	  that	  because	  we	  (humans)	  don’t	  die	  from	  radiation	  sickness,	  from	  
nucleon	  decays	  irradiating	  our	  bones,	  the	  proton	  must	  have	  a	  lifetime	  of	  longer	  than	  1016	  years.	  Later	  
he	  made	  another	  estimate	  based	  on	  isotope	  abundances,	  that	  τproton	  >	  1023	  years.	  Eventually	  extended	  
limit	  up	  to	  >	  1030	  years	  by	  dedicated	  experiments.	  

Dedicated	  to	  Reines	  on	  his	  70th	  birthday	  



But	  how	  can	  we	  see	  a	  proton	  decay	  if	  
it	  lives	  for	  >1030	  years?	  	  

Watch	  one	  proton	  for	  
10,000,000,000,000,000,000,000,000,000,000	  

years	  (1031)	  
	  

or	  
	  

Watch	  1031	  protons	  for	  1	  year	  
(about	  100	  tons	  of	  H2O)	  
(=	  ~25,000	  cats*,**)	  
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*Assuming	  average	  cat	  is	  5kg,	  and	  body	  mass	  is	  80%	  water	  
**It’s	  very	  difficult	  to	  collect	  and	  analyze	  proton	  decay	  data	  from	  cats	  	  



Lifetime	  predictions	  vary…	  
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These	  are	  only	  a	  few	  of	  the	  GUT	  model	  classes	  (and	  only	  a	  few	  of	  the	  decay	  modes)	  
⟹ allowed	  lifetimes	  span	  a	  large	  range,	  so	  it’s	  very	  hard	  to	  rule	  them	  out	  entirely!	  



QUIZ!	  What	  decay	  mode	  is	  this?	  
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How	  many	  rings?	  
	  
Showering	  or	  not?	  
	  
Options:	  
	  

p→ µ+π 0

p→νK +

p→ e+π 0

n→ e+π −

p→ e+K 0



What	  that	  looks	  like	  in	  a	  LArTPC	  
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e+	  
γ	  

γ	  



Backgrounds	  
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It’s	  not	  always	  as	  simple	  as	  I	  made	  it	  sound	  in	  the	  last	  few	  slides.	  
Backgrounds	  can	  trick	  you	  –	  atmospheric	  neutrinos	  and	  cosmics	  create	  the	  backgrounds!	  

Goldhaber,	  funny	  yet	  again…	  

So	  the	  name	  of	  the	  game	  is	  to	  have	  a	  lot	  of	  cats	  
to	  watch,	  and	  eliminate	  the	  backgrounds.	  

protons!
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“Wild”	  neutrino	  source:	  Sun	  
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How	  does	  the	  Sun	  make	  neutrinos?	  

²  Several	  different	  nuclear	  
fusion	  and	  decay	  processes	  

²  420	  billion	  per	  second	  per	  
square	  inch	  at	  Earth!	  

²  Higher	  energy	  neutrinos	  
(~5-‐20	  MeV	  seen	  in	  Super-‐K)	  
come	  from	  8B	  decay	  

²  Other	  types	  of	  experiments	  
are	  sensitive	  to	  lower	  energy	  
solar	  ν’s	  
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What	  can	  we	  learn	  from	  solar	  ν’s?	  

²  It	  takes	  tens	  of	  thousands	  of	  years	  for	  the	  energy	  made	  at	  the	  
sun’s	  center	  to	  migrate	  to	  its	  surface.	  But	  neutrinos	  from	  the	  
sun’s	  center	  can	  reach	  Earth	  in	  about	  8	  minutes!	  
–  Neutrinos	  reveal	  what	  the	  sun’s	  surface	  will	  be	  like	  many	  thousands	  

of	  years	  in	  the	  future:	  forecasting	  the	  sun’s	  energy	  production	  
	  (you	  can	  tell	  your	  mom	  not	  to	  worry…	  the	  sun	  won’t	  die	  any	  time	  soon)	  

²  The	  first	  experiments	  detecting	  solar	  neutrinos	  only	  saw	  1/3	  the	  
number	  expected,	  known	  as	  the	  “solar	  neutrino	  problem”	  
–  Solved!	  The	  νe’s	  produced	  by	  the	  sun	  were	  oscillating	  to	  νμ	  and	  ντ	  
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Solar	  Neutrino	  in	  Super-‐K	  
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10	  MeV	  solar	  ν	  event	   9

Solar !’s at Super-K

!
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8B neutrino measurement
by elastic scattering:

Reconstruct:
energy of recoil electron
direction relative to Sun

Measure/observe:
! Day/Night flux differences
! Seasonal flux variations
! Spectral distortion 

(sensitive to all ! flavors)

Observed event rate in Super-K:

      ~15 evts/day with Ee > 5 MeV

SSM energy spectra (BP04)
Data files: http://www.sns.ias.edu/~jnb
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Solar	  Neutrinos	  

The	  Sun	  (imaged	  in	  UV	  light)	  

From	  NASA/ESA	  Solar	  and	  
Heliospheric	  Observatory	  (SOHO)	  

The	  Sun	  (imaged	  by	  neutrino-‐electron	  
scattering	  using	  neutrinos	  from	  the	  sun)	  
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“Wild”	  neutrino	  source:	  Supernovæ	  
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Supernova	  burst	  neutrinos	  
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When	  a	  star’s	  core	  collapses,	  it	  
releases	  nearly	  all	  (99%)	  of	  its	  
energy	  in	  the	  form	  of	  neutrinos	  
in	  a	  short	  burst	  

These	  are	  the	  most	  energetic	  processes	  ever	  recorded	  in	  our	  universe!	  

Before	   After	  
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https://what-if.xkcd.com/73/	




SN	  1987A	  (in	  Large	  Magellanic	  Cloud,	  55	  kpc)	  

²  We	  have	  detected	  neutrinos	  
from	  only	  one	  supernova	  so	  far	  
–  luckily	  there	  were	  a	  few	  neutrino	  

detectors	  in	  operation	  at	  the	  time	  
²  The	  normal	  rate	  of	  neutrino	  

events	  in	  this	  energy	  range	  was	  
~1	  per	  week	  (in	  IMB),	  so	  seeing	  8	  
in	  10	  seconds	  was	  certainly	  
something	  unique,	  especially	  
when	  simultaneously	  seen	  in	  
other	  detectors	  too	  

²  These	  events	  have	  allowed	  us	  to	  
probe	  the	  inner	  workings	  of	  a	  
supernova	  explosion,	  but	  there	  
is	  still	  much	  more	  to	  learn	  
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(5	  events)	  

(8	  events)	  

(11	  events)	  



http://snews.bnl.gov/SNmovieEXTRA/	   http://snews.bnl.gov/snmovie.html	  
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Existing	  neutrino	  detectors	  are	  only	  
sensitive	  to	  a	  few	  hundred	  kpc	  

(mostly	  just	  the	  Milky	  Way)	  
	  

Expect	  ~3±1	  per	  century	  
Could	  have	  one	  any	  time	  now…	  



SuperNova	  Early	  Warning	  System	  

² Neutrinos	  reach	  us	  before	  light	  from	  the	  burst	  
– Use	  neutrinos	  as	  an	  early	  warning	  system!	  Many	  
neutrino	  experiments	  already	  participate.	  

² Astronomers	  (and	  anyone	  with	  interest,	  
including	  you!)	  can	  sign	  up	  to	  receive	  alerts.	  
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 (http://snews.bnl.gov/amuse.html)	  

My	  favorite	  alternate	  acronym	  that	  didn’t	  
win	  the	  naming	  contest:	  

	  Point	  
	  Over	  
	  There	  
	  At	  
	  That	  
	  Old	  
	  Exploding	  
	  Star	  



Summary	  
² Large-‐scale	  neutrino	  detectors	  can	  do	  more	  
than	  just	  neutrino	  physics!	  

² But	  while	  we’re	  waiting	  for	  the	  next	  SN	  burst,	  
or	  for	  a	  proton	  to	  decay,	  there	  is	  plenty	  of	  
oscillation	  physics	  to	  keep	  us	  entertained,	  so…	  

July	  9,	  2015	   Jen	  Raaf	  -‐	  Summer	  Undergraduate	  Seminar	  Series	   44	  



“Proton	  decay	  has	  never	  been	  witnessed”	  	  
Stina	  Fisch,	  pen	  &	  ink,	  2011	  
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Thank	  you!	  



Simplest	  GUT	  as	  an	  example:	  SU(5)	  

²  	  Standard	  Model	  SU(3)xSU(2)xU(1)	  embedded	  in	  larger	  symmetry	  group	  (SU5)	  
²  	  New	  interactions	  mediated	  by	  new	  X	  and	  Y	  bosons,	  consequences:	  	  	  

–  proton	  decay	  
–  baryon	  number	  (B)	  not	  conserved,	  but	  B-‐L	  is	  

²  	  However,	  not	  perfect	  predictions:	  
–  massless	  neutrinos	  (oops!)	  
–  not-‐so-‐close	  value	  for	  sin2θw	  
–  unification	  isn’t	  exact	  either…	  

²  But	  there	  are	  many	  other	  GUTs	  as	  well,	  some	  with	  better	  predictions	  
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E.g. SU(5) 

Grand Unified Theories

Consequences: 
  Connects quarks to leptons 
  Plays a role in cosmology (e.g. inflation) 
  New gauge interactions  
   (X, Y bosons) ⇒ proton decay 
  Other predictions of SU(5): 

 magnetic monopoles (not found),  
      value of electroweak mixing angle (not so good)  

 massless neutrinos (fail!) 

E.g. SU(5) 

Grand Unified Theories

Consequences: 
  Connects quarks to leptons 
  Plays a role in cosmology (e.g. inflation) 
  New gauge interactions  
   (X, Y bosons) ⇒ proton decay 
  Other predictions of SU(5): 

 magnetic monopoles (not found),  
      value of electroweak mixing angle (not so good)  

 massless neutrinos (fail!) 

representations	  of	  
quarks	  and	  leptons	  

generators	  allow	  quarks	  to	  transform	  
to	  leptons	  (and	  vice	  versa)	  



Grand	  Unified	  Theories	  
²  Standard	  Model	  of	  particle	  physics	  

–  Represented	  by	  the	  product	  of	  symmetry	  groups	  SU(3)	  x	  SU(2)	  x	  U(1)	  
²  Local	  gauge	  symmetries	  are	  responsible	  for	  forces	  that	  mediate	  EM,	  weak,	  

and	  strong	  interactions	  
–  Finite,	  but	  unobservably	  long,	  proton	  lifetime	  due	  to	  baryon	  number	  

(B)	  conservation	  
²  Introduced	  empirically!	  No	  good	  motivation…	  
²  Other	  conserved	  quantities	  (e.g.,	  electrical	  charge)	  result	  from	  gauge	  

symmetries	  
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²  Grand	  Unified	  Theories	  
–  Motivated	  partly	  by	  desire	  to	  constrain	  

quantities	  that	  are	  seemingly	  arbitrary	  in	  SM	  
–  Attempt	  to	  unify	  the	  3	  fundamental	  

interactions	  
–  Coupling	  constants	  that	  describe	  strong,	  

weak,	  and	  EM	  forces	  are	  unified	  at	  large	  
energies	  
⟹ 	  fundamental	  forces	  are	  low-‐energy	  

manifestations	  of	  a	  single	  unified	  force	  
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